Abstract. California coast live oak (Quercus agrifolia) forms tripartite symbiotic associations with arbuscular (AMF) and ectomycorrhizal (EMF) fungi. We selected oak individuals differing in topographic position and depth to groundwater (mesic valley vs. xeric hill sites) to investigate changes of tree mycorrhizal status in response to interannual rainfall variability. EMF root colonization, as well as hyphal abundance and viability in upper rhizosphere soil (0-30 cm), were negatively affected by severe multi-year drought, although not to the same extent in each topographic location. Oak trees growing in hill sites showed EMF colonization levels ,1% in upper roots during drought. By contrast, oaks in valley sites maintained much higher EMF colonization (.19%) in upper roots during drought. EMF root colonization increased sharply at both topographic positions during the ensuing wet year (78% in valley, 49% in hill), which indicates that the mycorrhizal status of roots in upper rhizosphere soil is highly responsive to interannual rainfall variability. Across sites and years, percentage EMF colonization and soil hyphal density and viability were strongly positively correlated with soil moisture potential, but percentage AMF root colonization was not. Interestingly, changes in percentage EMF root colonization and density of viable hyphae between a wet and a dry year were proportionally much greater in xeric hill sites than in mesic valley sites. The mycorrhizal status of oak trees was particularly responsive to changes in soil moisture at the hill sites, where roots in upper rhizosphere soil shifted from almost exclusively AMF during severe drought to predominantly EMF during the ensuing wet year. By contrast, the mycorrhizal status of oaks in the valley sites was less strongly coupled to current meteorological conditions, as roots in upper soil layers remained predominantly EMF during both a dry and a wet year. Canopy shading and hydraulic lift by oaks in valley sites likely contributed to maintain the integrity and viability of EMF roots and extraradical hyphae in upper rhizosphere soil during extended drought. Our results suggest that oak woodlands in water-limited ecosystems may become increasingly reliant on the AMF symbiosis under future climate change scenarios for the U.S. southwest and other world regions.
INTRODUCTION
The functioning of many plant species depends on the presence of mycorrhizae, a ubiquitous mutualism between certain soil fungi and the roots of plants Read 1997, Allen et al. 2003) . While the majority of plants usually form only one type of mycorrhizal association, the most common being with ecto-(EMF) or arbuscular mycorrhizal fungi (AMF), some plant species routinely form dual associations, i.e., with both types of mycorrhizae. Along with Alnus, Salix, Populus, or Eucalyptus, the genus Quercus forms mutualisms with both AMF and EMF (Smith and Read 1997) . Seedlings of Quercus agrifolia Nee. (Fagaceae, California coast live oak) are generally colonized by AMF and EMF, sometimes within the same root segment, and later become predominantly EMF adult trees (EgertonWarburton and Allen 2001). The residual colonization by AMF often persists in mature coast live oak individuals, which suggests that the benefits that AMF and EMF symbionts confer to dually colonized host plants are only partially redundant, or might even be complementary.
Studies on plants colonized by both AMF and EMF have the potential to broaden our understanding of the similarities and differences of these two groups of fungi at larger scales (e.g., the geographical distribution of the two types of symbionts). Although both EMF and AMF can improve nutrient acquisition, especially phosphorus (P) and nitrogen (N), the benefits they provide to their 5 E-mail: querejeta@cebas.csic.es host plants are not necessarily equivalent (Jones et al. 1998 , Chen et al. 2000 , Egerton-Warburton and Allen 2001 , van der Heijden and Kuyper 2001 , Dickie et al. 2002 . For example, AMF and EMF differ in their enzymatic capabilities and, consequently, in their ability to exploit organic sources of nutrients, which may explain their dominance in different biomes. Many EMF have the potential to be directly involved in mobilization of N and P from the complex organic substrates in which they are largely sequestered in natural ecosystems (residues of plants and of soil microflora and fauna; Read and Pe´rez-Moreno 2003) . By contrast, AMF are generally considered to lack the saprotrophic capability to enable N and P mineralization. Accordingly, the EMF symbiosis predominates in forest ecosystems with surface litter accumulation at intermediate latitudes and altitudes, whereas the AMF symbiosis dominates herbaceous and woody plant communities on mineral soils at lower latitudes (Read 1991) . AMF may be capable of enduring more negative soil water potentials than EMF (e.g., Jasper et al. 1989) , as suggested by the fact that globally AMF is by far the most widespread mycorrhizal symbiosis in severely water-limited ecosystems (Allen et al. 1995) . Soil moisture is a major driver of mycorrhizal colonization in drought-prone ecosystems (e.g., Swaty et al. 1998 Swaty et al. , 2004 . Many studies have shown that the extent of EMF colonization of plant roots can be negatively affected by drought (Runion et al. 1997 , Bell and Adams 2004 , Izzo et al. 2005 , Valde´s et al. 2006 , Kennedy and Peay 2007 . Percentage AMF colonization may be adversely affected by severe soil drying (Jasper et al. 1989 , He et al. 2002a , Lutgen et al. 2003 , Apple et al. 2005 , although some studies have reported little effect of drought on AMF root infection (Bryla and Duniway 1997, Titus et al. 2002) . The carbon cost of the AMF symbiosis is almost certainly less than that of EMF (Jones et al. 1998 , Leake et al. 2004 , Gehring et al. 2006 , so photosynthate limitation in severely water-stressed host plants that support both AMF and EMF could lead to preferential allocation to AMF in order to maximize the cost-benefit ratio of the carbon investment (Kummel and Salant 2006) . Gehring et al. (2006) found that dually colonized cottonwoods (Populus angustifolia) growing at mesic riparian sites showed high EMF but low AMF colonization, whereas the proportion of AMF roots increased in comparatively drier sites located at higher elevation. They argued that the greater prevalence of AMF associations in cottonwoods growing in drier sites might be attributable to the lower carbon requirements of AMF than EMF.
Little is known, however, about how the mycorrhizal status of dually colonized plants in semiarid environments responds to extreme drought. To date, the few studies that have investigated changes in the relative prevalence of AMF vs. EMF with varying soil moisture in dually colonized plants have been conducted in wet riparian ecosystems (Lodge 1989 , Lodge and Wentworth 1990 , Gehring et al. 2006 . Examining how the proportions of roots colonized by AMF and EMF shift with changing rainfall in Q. agrifolia should help elucidate whether mycorrhizal status in dually colonized plants is temporally stable or sensitive to changes in soil moisture in semiarid environments. It is particularly important to evaluate the responses of mycorrhizal roots within nutrient-rich topsoil layers, in which temporal and spatial changes in moisture content are most dramatic.
In a mesocosm study, Querejeta et al. (2003) found that Q. agrifolia seedlings tapping deep sources of water and conducting hydraulic lift (Caldwell et al. 1998) maintained the integrity and functionality of both EMF and AMF mycorrhizae in dry topsoil layers during severe drought. However the occurrence and potential implications of this process for adult tree mycorrhizal status have not yet been fully investigated in the field. In the present study, we examined interannual changes in tree mycorrhizal status in Q. agrifolia individuals growing at sites with contrasting topographic position and depth to the groundwater table. In Southern California, the exceptionally severe drought of 1999-2002 ended with the return of above-average precipitation in 2003, which provided a unique opportunity for studying the effects of extreme water stress and interannual rainfall variability on the mycorrhizal status of Q. agrifolia. We hypothesized that oak trees growing at mesic valley sites are buffered to some extent from interannual rainfall variability, and therefore maintain higher mycorrhizal root colonization levels in topsoil layers than oaks in xeric hill sites during drought. More specifically, we predicted that EMF root colonization as well as the abundance and viability of extraradical mycorrhizal hyphae in upper rhizosphere soil would be less adversely affected by drought in valley trees tapping deep sources of water than in hill trees.
MATERIALS AND METHODS

Study site
The study was carried out in Lopez Canyon in the Western Riverside County Multi-species Reserve (33839 0 18 00 N, 116859 0 49 00 W) in southern California, USA. The area has a Mediterranean-type semiarid climate and receives 298-mm precipitation annually (58-year mean), mostly between November and April. The soils are derived from decomposed granitic parent material and have a sandy loam texture (Lithic haploxerolls, Mollisols). The vegetation is dominated by exotic annual grasses introduced from the Mediterranean region, especially species of Bromus, with interspersed individuals and stands of coast live oak (Q. agrifolia Nee) and Engelmann oak (Q. engelmannii Greene). Agriculture and grazing in the area ended in the mid 1980s when the land was annexed to the Reserve to increase the habitat range for rare and endangered species.
We selected 10 coast live oak trees growing at sites with contrasting topographic position and access to groundwater. Five of the individuals selected for the study were located in mesic valley bottom sites where depth to the groundwater table is only 4-5 m (as measured in a nearby well). Another five trees were situated in north-facing xeric hill slopes, where depth to groundwater is presumably much greater. Valley and hill sites also differed in soil depth, soil fertility, organic matter content, and mean tree diameter (Table 1) . At each topographic position, selected trees were located between 30 and 150 m apart from each other, and can thus be considered independent samples. Sampling was conducted in two years with widely contrasting rainfall (Fig. 1) . The winter-spring of 2001-2002 was extraordinarily dry at the experimental area: only 28% of mean rainfall was recorded at the site, making it the driest November-May period on record. Further, 2002 was preceded by three consecutive dry years from 1999 to 2001, in which 47%, 69%, and 72% of mean annual precipitation, respectively, was recorded. By contrast, 2003 was a relatively wet year, with above-average precipitation during winter and spring (128% of mean November-May rainfall).
Soil and plant d
18 O and dD
The naturally occurring concentration gradients in oxygen and hydrogen stable isotopes in the soil profile were used to investigate the occurrence of hydraulic lift within the rhizosphere of oak trees. During dry periods, the upper soil layers become enriched in the heavier isotopes (Deuterium [D] and 18 O) due to evaporative fractionation, resulting in steep gradients in oxygen and hydrogen isotopic signatures with depth (Barnes and Turner 1998) . However, trees conducting hydraulic redistribution typically show moister soil and less isotopically enriched soil water in their upper rhizosphere compared to surrounding areas (e.g., Dawson 1993 , Querejeta et al. 2007 ). This is so because isotopically depleted groundwater or deep soil water not exposed to evaporation is exuded by roots into upper rhizosphere layers during this process. We predicted that soil water in oak rhizospheres would be less isotopically enriched in valley than in hill sites during drought, as conditions are much more conducive to hydraulic redistribution at the valley locations due to shallow groundwater.
In May 2002 (dry year) and May 2003 (wet year), soil profiles were sampled using a 9 cm diameter bucket auger at 15-cm increments. Soil cores were taken from within the rhizosphere (,1 m from trunk base) of the selected oak trees (five located in mesic valley sites and another five located in xeric hill sites). Soil samples were immediately placed in sealed plastic bags upon collection. In addition, three stem samples per oak tree were collected in May 2002. The clipped stems were immediately placed in a capped vial, wrapped in Parafilm and stored in the freezer (À208C) until water was extracted for stable isotope analyses. Water was extracted from soil and stem samples using a cryogenic vacuum distillation line (Ehleringer and Osmond 1989) . The water content of plant and soil samples was 
Plant and soil water potentials
Plant xylem water potential measurements were made on freshly clipped fine stems using a Scholander-type pressure bomb. Measurements were conducted before dawn (05:00-06:00 hours). Five adult oak trees were sampled at each topographic position during the May 2002 sampling campaign, as just described. Predawn xylem water potential measurements were conducted on three fine stems per target tree, immediately after clipping. Soil water potential was measured on subsamples of soil collected from the rhizosphere of target trees (five in mesic valley sites, and five in xeric hill sites) as described previously. Moisture potential measurements were conducted on soil samples on the same day in the laboratory using the chilled mirror dewpoint method (CX-2, Decagon Devices, Pullman, Washington, USA; Gee et al. 1992) .
Mycorrhizal abundance and community composition
Root community.-Root samples were sieved from the soil cores, washed free of adhering soil, and fine roots ( 1 mm) were hand picked from each sample. A subsample of roots was stained using Trypan blue (Koske and Gemma 1989) and evaluated for percentage colonization by arbuscular mycorrhizal fungi (AMF) and ectomycorrhizal fungi (EMF) using the modified line-intersect method (McGonigle et al. 1990 ). The remaining EMF root tips were sorted into morphological types based on the color and texture of the mantle, the presence and type of emanating hyphae, and root branching pattern, and analyzed using molecular identification techniques.
Genomic DNA was extracted from replicated samples of each EMF morphotype, each comprising two to three root tips per sample. DNA extraction followed the methods described in Gardes and Bruns (1996) , except that a glassmilk slurry was used for DNA binding and purification (GeneClean Spin Kit, Q-Biogene, Irvine, California, USA). Each sample of genomic DNA was used as a template for PCR using the primer pairs ITS1f/ITS4 (fungal nuclear ribosomal internal transcribed spacer, nrITS) or ITS1f/ ITS4b (Basidiomycetespecific nrITS). Positive controls using Agaricus bisporus and controls without DNA were included to check for reaction efficacy and contamination, respectively. Each PCR reaction contained 1 lL of DNA template, 12 lL Promega Master Mix, 1.5 lL of each primer (10mmol/L), and made up to 25 lL with dH 2 O. An initial denaturation and enzyme activation step of 3 min at 958C was followed by amplification for 30 cycles at the following conditions: 30 s at 958C, 30 s at 558C, 60 s at 728C. A final 10-min extension at 728C completed the protocol. In most instances, DNA from EMF root tips amplified satisfactorily under these conditions and typically yielded ;50 ng amplicon/lL. For the small minority of tips that did not amplify with these conditions, we suspect that the material may have been senescent at the time of sampling and that the degraded DNA resulted in low amplicon yield. Amplicons were then used to generate RFLPs with the endonucleases AluI and HinfI. Preliminary RFLP analysis of amplicons using a variety of endonucleases demonstrated that AluI and HinfI provided the greatest number of diagnostic restriction fragment patterns and were subsequently used to cleave amplicons for RFLP analysis. Each reaction contained 1 lL of PCR product, 5 units of restriction endonuclease, 1 lL of the recommended buffer, and 0.1 lL of bovine serum albumin (BSA), made up to 15 lL with dH 2 O. The restriction fragment sizes were determined with Kodak 1D software and imported into the T-Align program . Replicate RFLPs generated through separate PCRs from the same sample typically yielded the same major restriction fragments, thereby indicating the consistency of both PCR and RFLP reactions. Using the same ITS primer sets and endonucleases, we also compiled a site-specific database for EMF colonizing Q. agrifolia using sporocarps (Lindahl 2002) to provide a reference database for detection and identification of EMF in the root tip and hyphal samples. The database contained 234 species from 18 families and included both Basidiomycetes and Ascomycetes that are known to form EMF associations, epigeous and hypogeous taxa, and common non-mycorrhizal species, e.g., Coprinus, Melanoleuca, Pholiota, Collybia, Hypomyces, Agaricus, Lycoperdon, and a myxomycete. Restriction fragment patterns from each morphotype were compared against the reference database using T-Align, which allowed the unequivocal identification of all fragments within 60.5 base pairs in all the profiles generated (data available online).
tracted from 10 g duplicate subsamples of soil from each soil core using a modification of the procedure of Frey and Ellis (1997) followed by vital staining to determine the lengths of live fungal hyphae present in each location. For each subsample, 10 g of soil were suspended in 200 mL of sodium hexametaphosphate (39.5 g/L) for 1 h, washed through a 250-lm mesh, resuspended in 300 mL of distilled water, left to settle for 15 s, and then decanted through a 28-lm mesh. Hyphae were rinsed out of the 28-lm mesh and suspended in 12 mL of deionized water in a centrifuge tube and centrifuged for 10 min (19 613 m/s 2 ). The resulting pellet was rinsed in deionized water and centrifuged for 10 min (twice), after which, the supernatant was decanted and the hyphal pellet resuspended in 5 mL of fresh deionized water. This procedure typically yielded 20-25 mg hyphae per soil sample.
Direct immunofluorescence with antibodies raised against spores of four of the major AMF genera was used to evaluate AMF viability, since the immune reaction will only proceed with live hyphae (Allen et al. 1999) . For each subsample, 500 lL aliquots of hyphal suspension were placed into each of five microfuge tubes followed by 100 lL of an individual antiserum of the four major AMF genera (Scutellospora, Gigaspora, Acaulospora, Glomus) conjugated to FITC (fluorescein isothyocianate); 100 lL of deionized water were added to the fifth tube as a control for fungal autofluorescence. Samples were incubated overnight at room temperature and then filtered and rinsed with deionized water over a membrane and mounted in glycerol. All samples were viewed under fluorescence microscopy (Zeiss Axioskop 2; Carl Zeiss MicroImaging, Thornwood, New York, USA) using an FITC filter combination (excitation 475-490 nm, mirror 505 nm, emission 503-535 nm) and scored for the presence or absence of FITC-labeled hyphae. Hyphal counts were taken in at least 100 fields of view per slide (4003), and the length of hyphae was calculated and converted to meters of hyphae per gram of soil (Tennant 1975 ). Data were averaged over all four AMF genera for each sample.
The length of viable EMF hyphae was determined on subsamples incubated with fluoroscein diacetate (FDA). FDA is readily taken up by living cells and hydrolyzed to fluoroscein, which fluoresces green; nonviable samples do not fluoresce. An FDA stock solution was prepared by dissolving 5 mg FDA in 1 mL acetone and adding 0.1 mol/L phosphate buffer (pH 7.4) to give a final concentration of 50 lg/L. A 500-lL aliquot of the hyphal suspension was incubated with an equal amount of FDA stock solution for 5 min at room temperature and then immediately observed and scored in a Zeiss Axioskop 2 using fluorescence and a filter combination suitable for FITC. Fifty random fields of view per slide were scored for live hyphae using the gridline intersect method and converted to hyphal length per dry mass soil (Tennant 1975) . Because the FDA test does not distinguish among the different groups of fungi present in an individual sample (mycorrhizal vs. saprotrophic fungi), we analyzed the hyphal pellets for their composition using molecular techniques and corrected the length of viable hyphae to reflect the abundance of only EMF in a sample.
DNA was extracted from each hyphal pellet using the same protocol used for the root tips (described earlier in this section), and PCR reactions undertaken using the same primer pairs. PCR products were amplified at least once to determine the reproducibility of the reaction. The amplified products were purified using a commercially available kit (QIAquick PCR Purification Kit; Qiagen, Valencia, California, USA) and cloned using the TOPO TA cloning system (Invitrogen Corporation, Carlsbad, California, USA) according to the manufacturer's instructions. Individual transformed colonies were selected and used directly in a PCR reaction with ITS1f/ITS4 and ITS1f/ITS4b primers as before. PCR products were then used in RFLP reactions until ;10 or more successful RFLP identifications were obtained using the RFLP matching procedure described for root tips. Because of the breadth of taxa in the fragmentmatching database, any sample patterns that did not provide a match with the database were considered to be non-EMF, which included both saprotrophic fungi and AMF. For each sample, we recorded the EMF species present as well as the incidence of EMF or non-EMF taxa, i.e., number of clones considered EMF or non-EMF. These latter counts were used to calculate the proportion of the hyphal pool comprising EMF as [(number of EMF clones)/(number of EMF þ number of non-EMF clones)]. These values were then multiplied by the length of viable hyphae within the sample to provide a conservative estimate of viable EMF within the hyphal pool.
Statistical analyses
Statistical analyses were conducted using the SPSS 13.0 program (SPSS, Chicago, Illinois, USA). All percentage data were arcsine-square root transformed prior to analysis. Data were log transformed when required to ensure homoscedasticity. Plant and soil variables were analyzed by two way ANOVA with topographic position (hill vs. valley) and year (2002 vs. 2003) as main effects. Pearson's correlation coefficients among response variables were calculated as well.
RESULTS
Soil water potential in oak rhizosphere
Two-way ANOVA revealed that soil moisture potential within the upper rhizosphere (0-30 cm depth) of oak trees was significantly affected (P , 0.001) by topographic position, year, and the interaction between these two factors. Interestingly, soil water potential in upper soil layers was far less negative (5.1-9.5 MPa difference) at the valley sites than at the hill sites during extreme drought (May 2002; Fig. 2 ). By contrast, soil water potential values were indistinguishable between valley and hill sites during the ensuing wet year (May 2003; Fig. 2) . Therefore, the large inter-site difference observed during drought was not attributable to spatial variation in water input into topsoil layers during rainy periods.
Isotopic composition of soil water in oak rhizosphere
The hydrogen (dD) and oxygen (d 18 O) isotope composition of soil water in oak rhizosphere was significantly influenced by year (P , 0.001), but not by topographic position, although a significant topographic position 3 year interaction was detected for d (Fig. 3) . In sharp contrast to results obtained during drought, the isotopic composition of soil water fell nearer the MWL in hill than valley sites during the ensuing wetter period (May 2003) . Given that winter/spring rainfall water lies on the MWL in Southern California, the May 2003 isotopic data suggest that moisture in the topsoil layers at the xeric hill sites came almost entirely from recent rain, whereas soil moisture at the valley sites comprised a mix of fresh rainfall water and residual soil water. 
Oak water status during drought
Predawn xylem water potential of oak trees in hill sites averaged À3.5 6 0.3 MPa (n ¼ 5) during drought, thus indicating severe plant water stress. By contrast, oak trees in valley sites showed significantly less negative (P , 0.001) predawn xylem water potentials (À0.6 6 0.1 MPa; n ¼ 5) during drought, which strongly suggests root access to moist subsoil layers and/or groundwater. Mean stem-water content in oak trees was higher (P , 0.001) in valley (37.9 6 0.3%; n ¼ 5 trees) than hill sites (35.1 6 0.5%; n ¼ 5 trees) during drought, thus further indicating that valley trees were less water stressed. The stable isotope composition of oak stem water was very similar between hill and valley sites during drought (hill, dD ¼ À55.7 6 0.5ø, d
18 O ¼ À6.7 6 0.1ø, n ¼ 5 trees; valley, dD ¼ À56.2 6 1.1ø, d
18 O ¼ À6.7 6 0.2ø, n ¼ 5 trees). Stem water was far less enriched in D and 18 O than soil water in topsoil layers, thus indicating that oak trees in both hill and valley sites were drawing water from depths below 30 cm during drought.
Mycorrhizal abundance and community composition
Ectomycorrhizal fungi.-Percentage of ectomycorrhizal fungi (EMF) root colonization in upper rhizosphere soil was significantly (P , 0.001) affected by topographic position, year, and the interaction between these two factors. While fine-root density in topsoil layers was almost double in valley compared to hill sites during drought (5.1 6 1.2 m vs. 2.6 6 0.5 m of fine-root length per soil core), differences in percentage EMF root colonization between topographic positions were at least one order of magnitude larger than that. Very few (15-30 cm) or no (0-15 cm) EMF root tips were found in upper soil layers at hill sites during drought (Table 2 ). In contrast, oaks in valley sites maintained significant EMF root colonization (.19%) in upper rhizosphere soil during drought. The percentage of roots colonized by EMF increased sharply at both topographic positions during the ensuing wet year (Table 2) . Most importantly, the change in percentage EMF root colonization between a dry and a wet year was proportionally much greater in hill sites (80-fold at 0-30 cm depth) than in valley sites (fourfold). EMF root colonization in upper rhizosphere soil was positively correlated with soil water potential (Pearson's correlation coefficient ¼ 0.871, P , 0.001) and negatively correlated with soil water dD (Pearson's correlation coefficient ¼ À0.678, P , 0.001) and d
18 O (Pearson's correlation coefficient ¼ À0.767, P , 0.001).
EMF hyphal abundance within the rhizosphere of oak trees was significantly affected by both topographic position (P ¼ 0.026) and year (P , 0.001). The amount of EMF hyphae in upper rhizosphere soil remaining viable during extreme drought (Table 2) was sevenfold higher at mesic valley sites than at xeric hill sites (P , 0.001). However, this difference decreased (0-15 cm) or disappeared (15-30 cm) during the ensuing wet year. At the time, hyphal abundance increased sharply, especially in hill sites, and percent viability of hyphae was ;90% regardless of topographic position. EMF hyphal density was strongly positively correlated with soil moisture potential (Pearson's correlation coefficient ¼ 0.879, P , 0.001) and negatively associated with soil water dD (Pearson's correlation coefficient ¼ À0.800, P , 0.001) and d
18 O (Pearson's correlation coefficient ¼ À0.835, P , 0.001). The difference in viability-corrected soil EMF hyphal density between a dry and a wet year was much greater in hill sites (63-fold increase at 0-30 cm depth) than in valley sites (13-fold increase). This explains the highly significant (P ¼ 0.006) topographic position 3 year interaction in the two-way ANOVA.
Based on unique RFLP banding patterns, we detected 46 different taxa of EMF on the roots of Q. agrifolia of which 89% were Basidiomycota and 11% Ascomycota. Of these, we identified 44 to species or genus by matching root-tip RFLP patterns with known sporocarp RFLP patterns. Ectomycorrhizal species richness and community composition differed significantly between hill and valley sites. Overall EMF species richness, as defined by the total number of EMF species within a topographic position, was significantly higher in valley than hill sites (43 vs. 29 species, respectively). When ranked by the cumulative abundance of each genus (drought þ wet year), the EMF community was dominated by a few dominant genera with a relatively large number of subordinate taxa occurring at low frequencies (,3% of the root tip community; Fig. 4) . This was particularly evident in valley sites, where the rare taxa included hypogeous species (e.g., Macowanites), members of the Ascomycota (e.g., Hydnotrya), as well as species of Laccaria; these taxa were either absent or rarely recovered from the hill EMF community. Together with the significant differences in EMF root colonization between sites (Table 2) support a strong influence of topographic position on EMF abundance, species richness, and community composition.
During drought, however, the valley and hill EMF communities were both dominated by Cenococcum geophilum in the root tips and hyphal pool (Fig. 4) . In the hill sites, C. geophilum accounted for 81% of the roots tips, with the remainder colonized by Russula brevipes (Fig. 4B) . With the advent of above-average rainfall (2003), Russula all but disappeared from root tips. In fact, Russula declined in abundance from 18.5% to 1.5% of root tips in the hill sites, and the community comprised at least 10 taxa that had not been observed during the preceding drought, including Tricholoma, Thelephoraceae, Amanita, Cortinarius, and Tuber. Similarly, significant shifts in EMF community composition also marked the transition from prolonged drought to above-average rainfall in the valley sites (Fig. 4A) . A high portion of roots were colonized by C. geophilum (24.5% of root tips) along with Russula (seven species, 30.4%), Amanita (two species, 8.5%), Thelephoraceae (8.6%), and Boletus (two species, 6.4%) during drought conditions. In addition, species of Hebeloma and two sequestrate Russulaceae, Zelleromyces and Macowanites, were only recovered from root tips during drought. With above-average rainfall, the proportion of root tips colonized by C. geophilum and Russula declined significantly. In fact, Russula declined in prevalence from 30.4% to 1.3% of root tips in the valley sites. Instead, during the wet year the EMF community became dominated by the Thelephoraceae (23.2%), Amanita (3 species, 16.6%), Tuber (11.9%), and Inocybe (2 species, 8.5%), and at least 15 taxa that were absent or poorly represented during the preceding drought (e.g., Hydnotrya, Tricholoma). However, the abundance of Cortinarius, Boletus, and Lactarius on root tips did not differ significantly between drought and wet periods in valley sites (P . 0.05).
EMF species that were abundant in root tips were not necessarily those that dominated the hyphal pool (Fig.  4) . For example, Inocybe and the Thelephoraceae were more frequent in root tips than in the external mycelial pool, whereas Pisolithus, Boletus, and Cortinarius were abundant in the hyphal pool, but not the root tips. These patterns were present in both valley and hill sites, and were consistent with the exploration strategies proposed for each genus by Agerer (2001) . In general agreement with the root-tip community, we found that the hyphal pool in valley sites was taxonomically richer than that of the hill sites (15 vs. six genera, respectively), and that the majority of the EMF hyphal pool comprised Cenococcum geophilum during drought in both sites. Only four EMF genera were found in the hyphal pool of the hill sites during drought (Fig. 4B) , and only two additional taxa were recovered from the hyphal pool during the subsequent wet year (Amanita, Tuber). The valley hyphal pool (Fig. 4A ) was characterized by taxa that showed three patterns of response:
(1) greater relative abundance during drought (e.g., Hebeloma, Melanogaster, Cortinarius), (2) greater relative abundance during the wet year (e.g., Tuber, Tricholoma, Thelephoraceae, Zelleromyces), or (3) no significant difference in relative abundance between years (e.g., Boletus, Amanita, Lactarius, Russula, Pisolithus).
Arbuscular mycorrhizal fungi.-The percentage of fine-root length colonized by AMF was significantly affected by topographic position (P ¼ 0.001), but not by year (P ¼ 0.055). In fact, arbuscular mycorrhizal fungi (AMF) root colonization was always significantly higher in hill than valley trees and increased only moderately during the wet year, especially in oaks at hill sites. AMF colonization rate in oak trees was not significantly correlated with soil water potential (Pearson's correlation coefficient ¼ À0.084, P ¼ 0.612), soil water isotopic composition (dD, Pearson's correlation coefficient ¼ À0.195, P ¼ 0.234; d
18 O, Pearson's correlation coefficient ¼À0.167, P ¼ 0.309), or percentage EMF colonization of roots (Pearson's correlation coefficient ¼ À0.106, P ¼ 0.520). The abundance of viable AMF hyphae followed the same pattern as EMF hyphae, i.e., a higher AMF yield in valley oaks during drought and no significant difference between topographic locations during the ensuing wet year (Table 2) .
Using immunofluorescence, we detected four genera of AMF in the external hyphal pool in both hill and valley locations (Fig. 5) . The AMF community in the valley sites comprised mostly Gigasporaceae (Gigaspora, Scutellospora), whereas Glomus dominated the hyphal pool in hill sites. The valley AMF community varied little between drought and wet years; we only detected a significant (P , 0.05) increase in the relative abundance of Gigaspora in the hyphal pool between drought and the following wet year (drought, 14.2% 6 5% of hyphal length; wet, 26.4% 6 7%). By contrast, the AMF hyphal community in the hill sites underwent significant shifts in composition between drought and wet years. During drought, Glomus clearly dominated the hyphal pool (64.3% 6 2%), while the wet year was marked by a significant increases in the abundance of the Gigasporaceae (33.0% 6 4% Scutellospora, 17.8% 6 0.1% Gigaspora) with concomitant decreases in the prevalence of Glomus (33.2% 6 8%).
DISCUSSION
The data presented here clearly show that interannual rainfall variability and soil moisture are major environmental factors influencing the mycorrhizal status of coast live oaks in mediterranean-type ecosystems of Southern California. The observed decline in mycorrhizal root colonization and hyphal abundance in topsoil layers during drought is in agreement with previous studies reporting similar if less dramatic results (Hunt and Fogel 1983 , Titus et al. 2002 , Lutgen et al. 2003 , Bell and Adams 2004 , Izzo et al. 2005 , Kennedy and Peay 2007 , Querejeta et al. 2007 ). We found some temporally consistent differences in tree mycorrhizal status between contrasting topographic positions, such as higher EMF root colonization levels in valley than hill sites in two consecutive years. However, it is important to emphasize that these temporally consistent differences are not per se the focus of this paper: various factors that covary with topography (such as soil fertility and organic matter content) have been individually shown to affect plant mycorrhizal status in previous studies (Gehring and Whitham 1994 , Swaty et al. 1998 . The most interesting and intriguing finding of this study was that interannual changes in tree mycorrhizal status and hyphal abundance in upper rhizosphere soil were comparatively much more dramatic for oaks in xeric hill sites than for those in mesic valley sites.
Oaks in hill sites were severely water stressed and showed negligible EMF root colonization in upper rhizosphere soil during the extreme drought of 2002. However, hill oaks showed low but significant EMF root colonization in the 30-60 cm depth interval (6% 6 4.3%, n ¼ 5 trees; J. I. Querejeta, L. M. EgertonWarburton, and M. F. Allen, unpublished data), where soil water potential was less negative than in upper layers (À5.4 6 1.9 MPa; n ¼ 5 trees). Since droughtcaused photosynthate limitation to EMF colonization would be expected to exert uniformly negative effects across depths, our data indicate that exceedingly low moisture potential in upper rhizosphere soil was itself an important factor hampering EMF root colonization in xeric hill sites. The majority of EMF taxa in coast live oak woodlands may be unable to endure soil water potentials as low as À12/À7 MPa, regardless of carbon supply rate from the host plant (Coleman et al. 1989) . Similarly, Bell and Adams (2004) found that EMF colonization in pines was negligible in dry topsoil layers but increased significantly in deeper, moister layers during summer drought.
Unlike EMF, the percentage of root length colonized by AMF in upper rhizosphere soil at hill sites remained ;20-30% during severe drought. Percentage AMF root colonization was the only mycorrhizal parameter that was not correlated with soil water potential in our study. The prospect that AMF could be capable of absorbing and translocating resources to their host plants when soil water potential is as low as À12 MPa is intriguing. Desert shrubs have been shown to maintain significant levels of AMF root colonization in extremely dry soil (e.g., He et al. 2002a, b) . AMF might be more efficient than EMF at scavenging for nutrients in dry soil, as suggested by their dominance in arid and semiarid ecosystems globally (Allen et al. 1995) . Alternatively, AMF might be unable to take up significant amounts of nutrients from very dry soil, possibly becoming temporarily parasitic on their host plant (Denison et al. 2003) . That Glomus, an AMF genus that has shown potential for parasitic associations, dominated the xeric hill sites during drought supports this possibility (Klironomos 2003) . Glomus dominance of AMF soil communities in xeric sites was also reported by in a cross-site study of five grasslands across the United States.
EMF root-colonization levels in topsoil layers increased drastically at hill sites as soon as moisture became non-limiting during a wet year. As noted above, we observed that some EMF roots persisted in deeper, less dry soil layers throughout drought, which presumably favored colonization of roots in the upper rhizosphere after the onset of more favorable moisture conditions. Bornyasz et al. (2005) showed that Q. agrifolia roots can grow very deep into the soil/bedrock profile (at least 4 m) and that these deep roots are often extensively colonized by EMF. Our data suggest that deeper soil layers provide refugia for EMF during dry years, which may buffer the amount of change the whole tree experiences in its mycorrhizal community between wet and dry years.
Low soil hyphal density and viability at hill sites in May 2002 indicate that the development and functioning of extraradical mycorrhizal mycelium in topsoil layers was severely hampered by extremely negative soil water potentials (and possibly by limited photosynthate supply) during severe drought. Mycelial growth of most EMF taxa is strongly inhibited even by relatively mild moisture stress (À1/À3 MPa; Coleman et al. 1989) . The dramatic proliferation of viable hyphae observed at hill sites during the ensuing wet year demonstrates that soil moisture is the major driver of hyphal productivity in this dual EMF/AMF system. In particular, greatly enhanced EMF root colonization can explain the sharp increase in hyphal abundance observed during the wet year at hill sites, as EMF generally produce much more abundant extraradical mycelia than AMF (Leake et al. 2004 ).
The mycorrhizal status of oak trees in xeric hill sites displayed remarkable responsiveness to changing soil moisture conditions. Within only twelve months, oak roots in upper rhizosphere soil shifted from almost exclusively AMF during severe drought to predominantly EMF during the ensuing wet year. This flexibility in mycorrhizae formation could partly explain the success of coast live oaks in diverse sites (e.g., xeric uplands and mesic lowlands). Watson et al. (1990) reported that AMF root colonization in oaks of the subgenus Erythrobalanus increased when soils were either very dry or very wet, whereas the more typical EMF were favored by moderate soil moisture. The ability to modulate the relative dominance of these two mycorrhizal associations in nutrient-rich topsoil layers may be a highly adaptive strategy for plants growing in mediterranean-type semiarid environments, where rainfall is erratic and unpredictable. The benefits that AMF and EMF provide to their host plants are not equivalent and might be strongly determined by both prevailing environmental conditions and host ecophysiological status (Gehring et al. 2006, Kummel and Salant 2006) . Egerton-Warburton and Allen (2001) showed that intraannual fluctuation in soil moisture can also affect the mycorrhizal status of Q. agrifolia, although to a lesser extent than interannual fluctuations involving cumulative effects of multi-year drought and greater extremes of water availability.
In sharp contrast to trees at xeric hill sites, oaks in mesic valley sites had access to deep moisture during extended drought, as indicated by their moderate waterstress level. Valley oaks supported considerable EMF root colonization in upper soil layers during drought, even after four consecutive years of below-average precipitation (1999) (2000) (2001) (2002) . Interestingly, moisture potential in upper rhizosphere soil was 5-9 MPa higher at valley than hill sites during drought, which undoubtedly favored the persistence of EMF roots and hyphae. Coleman et al. (1989) demonstrated that the mycelia of some drought-adapted EMF can maintain growth at water potentials as low as À3 MPa when grown in pure culture. Therefore, the moderately negative water potentials found in the topsoil of the valley sites during drought (between À2 and À3 MPa) should have allowed at least some EMF roots and extraradical hyphae to remain functional.
Shading of the ground surface by a continuous tree canopy likely reduced evaporative moisture loss in the mesic valley sites (Parker and Muller 1982) . Most importantly, the data strongly suggest that water efflux from shallow roots (hydraulic lift) contributed to prevent excessive desiccation of topsoil layers in the valley sites (Querejeta et al. 2007 ). Trees conducting hydraulic lift typically exhibit slow and moderate declines in rhizosphere soil moisture potential during prolonged dry spells (Caldwell et al. 1998 , MillikinIshikawa and Bledsoe 2000 , Espeleta et al. 2004 , KurzBesson et al. 2006 , which is what was found in valley oaks. Less isotopically enriched topsoil water at valley than hill sites during drought was thoroughly consistent with root efflux of water lifted from deep moisture sources which were not exposed to evaporation (i.e., wet subsoil or groundwater). Direct water transfer from well-hydrated oaks to intimately associated mycorrhizal fungi likely contributed to maintain significant EMF root colonization and high viability of rhizosphere hyphae during severe drought in valley sites (Querejeta et al. , 2007 . Oaks in valley sites and their associated EMF fungi may have been able to continue exploiting the nutrient-rich topsoil layers during extended drought, as it has been suggested that water efflux from shallow roots (hydraulic lift) and water exudation by active EMF hyphal tips could help mobilize nutrients in dry soil (Caldwell et al. 1998 , Sun et al. 1999 , EgertonWarburton et al. 2008 .
In contrast to mesic valley sites, we found no evidence whatsoever of hydraulic lift in xeric hill sites during drought. The severe water stress exhibited by hill oaks during the dry year indicates that they had little if any access to deep moisture or groundwater, so they were unable to prevent extreme desiccation of upper rhizosphere soil layers through hydraulic redistribution. In addition, topsoil moisture potential in hill sites (À12/À7 MPa) was well below the lower threshold for hydraulic lift occurrence in California oaks (À4.5 MPa, Ishikawa and Bledsoe 2000; À4.2 MPa, Querejeta et al. 2003) . Further, trees in hill sites were isolated and did not form a continuous canopy, so canopy shading of the ground was less effective to prevent topsoil moisture evaporation than in valley sites. Tree-size-related differences in rooting volume and depth, plant internal water capacitance (Phillips et al. 2003) , or plant carbon storage may have also played a role in the disparate mycorrhizal responses to drought of valley and hill oaks, as the latter trees were significantly smaller.
The EMF communities in oak rhizospheres were comprised of a few dominant species with a higher number of rare EMF species, a similar result to that reported by other authors (e.g., Peter et al. 2001 , Erland and Taylor 2002 , Taylor 2002 . Ectomycorrhizal fungi belonging to the Ascomycota (including Cenococcum, Thelephoraceae, Tuber) were well represented in the EMF community in both hill and valley sites, which agrees well with the results obtained by Smith et al. (2007) in a xeric Quercus woodland in California. Members of the Ascomycota have been shown to dominate EMF communities in stressful sites and under stressful conditions (e.g., Gehring et al. 1998 ). In particular, we found that Cenococcum clearly dominated the EMF community in the xeric hill locations during the dry year, both on root tips and in the soil hyphal pool. Other studies have reported that the prevalence of Cenococcum in EMF communities increased during dry periods (Pigott 1982 , Jany et al. 2003 , Buee´et al. 2005 , as this species (or species complex; see Smith et al. 2007) is well adapted to endure very low soil water potentials (Coleman et al. 1989) .
The results of this study suggest that oaks in waterlimited ecosystems might become increasingly dependent on the AMF symbiosis for satisfying their nutritional requirements under projected climate change scenarios. Regional climate models predict warmer conditions and less and more irregular rainfall for many oak woodland ecosystems around the world (e.g., those in the U.S. southwest, parts of Mexico, the Mediterranean Basin, and other similar areas; IPCC 2007). Whereas EMFdominated systems have a conservative nutrient cycle in which trees access organic N via ectomycorrhizal fungi (thus bypassing mineralization processes by free-living microbes), AMF systems rely heavily on N mineralization (Millard et al. 2007 ). Hence, any decrease in EMF dominance caused by increasing aridity would be expected to have important consequences for litter decomposition, nutrient cycling, and tree nutrition in dryland oak woodlands. Mobilization and transfer of nutrients from the organic litter layer by EMF might be inhibited if drought becomes more frequent and/or severe, thus leading to increased host-plant reliance on inorganic forms of N and P which are more readily accessible to AMF. A climate-change-induced decrease in dominance by EMF in favor of AMF would also be expected to affect rhizosphere carbon flow in oak woodlands because the carbon cost of the EMF symbiosis is higher than that of the AMF symbiosis (Leake et al. 2004) . Competitive interactions between oaks and the grass understory, and oak seedling regeneration success might also be affected by decreased prevalence of EMF in ways that are difficult to predict (Dickie et al. 2002) .
In summary, we found that EMF root colonization in Q. agrifolia is very responsive to interannual rainfall variability, particularly at xeric sites, but also appears to be remarkably resilient to severe, multi-year drought. The ability to shift the relative dominance of the EMF and AMF symbioses in upper roots depending on soil moisture availability could be a highly adaptive trait in drought-prone ecosystems. Interestingly, the mycorrhizal status of oak trees in valley sites was less strongly coupled to current meteorological conditions than that of trees in hill sites, as upper roots in the former remained predominantly EMF during both dry and wet periods. Taproot access to deep moisture, hydraulic lift, and canopy shading appeared to attenuate the adverse effects of severe drought on EMF in valley sites. We hypothesize that host plants tapping deep moisture sources during extended drought might be able to support crucial biogeochemical processes in nutrientrich topsoil through effects on mycorrhizae, as these symbionts play key roles in belowground carbon flux and turnover, mycorrhizosphere microbial activity, organic matter decomposition, and nutrient cycling. Manipulative field experiments involving irrigation and/or rain exclusion within the rhizosphere of dually colonized trees with differential access to groundwater should prove useful for explicitly testing the mycorrhizal dynamics predicted by this study.
